Sequences, sequence clusters and bacterial species by Hanage, WP et al.
Phil. Trans. R. Soc. B (2006) 361, 1917–1927
doi:10.1098/rstb.2006.1917Sequences, sequence clusters
and bacterial species
Published online 6 October 2006William P. Hanage, Christophe Fraser and Brian G. Spratt*One con
speciatio
*Autho
This is
distributDepartment of Infectious Disease Epidemiology, Imperial College London, St Mary’s Hospital Campus,
Norfolk Place, London W2 1PG, UK
Whatever else they should share, strains of bacteria assigned to the same species should have house-
keeping genes that are similar in sequence. Single gene sequences (or rRNA gene sequences) have
very few informative sites to resolve the strains of closely related species, and relationships among
similar species may be confounded by interspecies recombination. A more promising approach
(multilocus sequence analysis, MLSA) is to concatenate the sequences of multiple house-keeping loci
and to observe the patterns of clustering among large populations of strains of closely related named
bacterial species. Recent studies have shown that large populations can be resolved into non-
overlapping sequence clusters that agree well with species assigned by the standard microbiological
methods. The use of clustering patterns to inform the division of closely related populations into
species has many advantages for poorly studied bacteria (or to re-evaluate well-studied species), as it
provides a way of recognizing natural discontinuities in the distribution of similar genotypes.
Clustering patterns can be used by expert groups as the basis of a pragmatic approach to assigning
species, taking into account whatever additional data are available (e.g. similarities in ecology,
phenotype and gene content). The development of large MLSA Internet databases provides the
ability to assign new strains to previously defined species clusters and an electronic taxonomy. The
advantages and problems in using sequence clusters as the basis of species assignments are discussed.
Keywords: multilocus sequence analysis; bacterial populations; species clusters;
electronic taxonomy; bacterial systematics1. INTRODUCTIONBacterial species exist. bacterial diversity is organized
into discrete phenotypic and genetic clusters, which are
separated by large phenotypic and genetic gaps, and
these clusters are recognized as species.
Fred Cohan (2002)To many microbiologists, bacterial species are real
entities that can be recognized as clusters of genotypes
which are clearly resolved from similar clusters (Palys
et al. 1997). In fact, there are almost no data that
address this assertion, which in essence is a statement
of belief. A more agnostic view is to ask whether
populations of similar bacteria do invariably (or
usually) form discrete well-resolved genotypic clusters
that merit the status of species and to consider which
methods should be employed to address this issue
(Hanage et al. 2005a). The question is of some
importance to microbial taxonomists. If species exist
as well-resolved genotypic clusters, they could be
defined more naturally, and microbial taxonomists
could move forward from their present practice, which
is largely based on defining species by rules and cut-off
values that take no account of any natural disconti-
nuities in the clustering of related genotypes.tribution of 15 to a Discussion Meeting Issue ‘Species and
n in micro-organisms’.
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ion, and reproduction in any medium, provided the original worIn this article, we examine whether sequences can be
used to resolve clusters of related genotypes among
large populations of similar bacteria. The focus is not
on theoretical considerations, but on the practical issue
of whether gene sequences can inform the process by
which closely related bacteria are assigned to species,
and the prospects for an electronic taxonomy in which
bacterial strains can be assigned to species on the
Internet (Gevers et al. 2005). Reviews of species
concepts and definitions as they apply to bacteria can
be found in other articles in this volume (Cohan 2006;
Staley 2006) and elsewhere (Vandamme et al. 1996;
Ward 1998; Rossello-Mora & Amann 2001; Cohan
2002; Stackebrandt et al. 2002; Gevers et al. 2005).
The idea that there are real entities within the
bacterial world which we can assign as species is so
pervasive (and useful) that it is difficult to avoid using
the term. In this paper, we use ‘species’ both in the
abstract sense of coherent groups of organisms into
which we wish to divide the bacterial world, and to
describe real groups of organisms assigned (often
inconsistently) as named species by microbiologists.
We also refer throughout to bacterial species, but the
issues and approaches apply equally to the archaea.2. FROM RULES AND CUT-OFF VALUES TO
SEQUENCE CLUSTERS
Species delineation is presently based on genetic
relatedness using DNA–DNA hybridization as a
proxy measure; strains that show approximately 70%This journal is q 2006 The Royal Society
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belong to the same species and those that have less than
this value are different species (Wayne et al. 1987).
Perhaps surprisingly, given the remarkable and unex-
pected variation in gene content among strains of the
same species (Welch et al. 2002), this criterion has
worked well and has been supported by recent studies
that relate the percentage of DNA–DNA hybridization
to measures of average nucleotide identity among all
the shared genes using pairs of strains whose genomes
have been sequenced (Konstantinidis & Tiedje 2005).
Variation in gene content and the extent of sequence
diversity among strains assigned by DNA–DNA
hybridization to the same species have led some to
consider that current species are too broad, compared
to those in higher organisms (Staley 1997), whereas in
other cases, it has been suggested that the 70%
DNA–DNA relatedness criterion may need to be
relaxed for defining some species (Vandamme et al.
1996). This, together with difficulties in applying the
DNA–DNA hybridization to large numbers of bacteria,
the inability to apply it to bacteria that so far are
unculturable and discomfort with relying on guide-
lines, rules and cut-off values, has led to a search for a
more natural and more convenient approach to species
definition (Gevers et al. 2005).
Comparisons of DNA sequences provide a possible
way of distinguishing species. The most common and
themost generally applicable approach is the use of 16S
rRNA sequences, as these can be obtained from both
culturable and unculturable bacteria, and sequencing
provides precise digital data that can be held in a single
database, which can be interrogated via the Internet
(Cole et al. 2003). Strains exhibiting more than 70%
DNA–DNA hybridization (or which have more than
94% average nucleotide identity over all shared genes)
have been shown to be extremely similar in their 16S
rRNA gene sequences (Konstantinidis & Tiedje 2005).
However, the converse is not necessarily true; strains
that have almost identical 16S rRNA sequences may
not be closely related generally, whether this is judged
by DNA–DNA hybridization (Rossello- Mora &
Amann 2001) or the average nucleotide identity
between all the shared genes (Konstantinidis & Tiedje
2005). Two strains with 16S rRNA sequences that are
less than 97% identical are therefore assigned with high
confidence to different species, but DNA–DNA
hybridization is still required to establish whether
strains that have 97% or more 16S rRNA similarity
should or should not be placed in the same species
(Vandamme et al. 1996).
The 16S rRNA sequences have been widely used in
environmental microbiology and have been invaluable
for uncovering the vast diversity of microbial life
(DeLong & Pace 2001), and for assigning unculturable
organisms as new species (Hugenholtz et al. 1998;
Garrity et al. 2002), and more problematically, have
been used (either implicitly or explicitly) to define
species (e.g. studies of species richness or diversity in
the oceans; Schloss & Handelsman 2004; Thompson
et al. 2005a). Species definition using rRNA sequences
is problematic as this slowly evolving molecule lacks the
required level of resolution to distinguish similar
species or to address the question of whether speciesPhil. Trans. R. Soc. B (2006)exist and can be clearly resolved (Fox et al. 1992).
Relationships inferred from 16S rRNA genes may also
be distorted by recombination among similar species,
which further complicates their use in species
definition (Smith et al. 1999; Boucher et al. 2004).
The sequences of a number of protein coding genes
have also been used to assign bacteria to species. These
have the advantage over 16S rRNA of evolving more
rapidly and thus provide an increased ability to resolve
species within a genus. However, the use of a single
gene has major drawbacks as there may be too few
informative nucleotide sites to resolve very similar
species and homologous recombination (HR) among
similar species may distort the true relationships
between species (figure 1). HR is believed to be
relatively common among many bacteria (Feil & Spratt
2001) and probably also among many archaea (Papke
et al. 2004; Whitaker et al. 2005). It typically results in
the replacement of a small fragment (a few kilobases) of
the chromosome of a recipient bacterium with the
corresponding region from a different strain of the
species or from a closely related species. Laboratory
studies indicate that the efficiency of recombination
falls off in a log-linear fashion with increasing sequence
divergence (Majewski & Cohan 1999; Majewski et al.
2000), but there is ample evidence that replacements
occur in nature between species that differ at 5–25% in
nucleotide sequence (Dowson et al. 1989; Spratt et al.
1989; Zhou et al. 1997; Kalia et al. 2001).
The deficiencies of using a single gene to resolve
similar species can be overcome by the use of multiple
gene sequences, as this approach provides more
informative nucleotide sites and also buffers against
the distorting effects of recombination at one of the loci
(Hanage et al. 2005a). A homologous interspecies
recombinational replacement involving one locus,
introduced from species B into a strain of species A,
should not prevent the strain being correctly assigned
to species A, as the combined sequences of the other
loci should still result in it clustering with other strains
of species A. Analysis of the relatedness of strains of
similar species using multiple gene sequences hence
provides the most appropriate way of identifying
genotypic clusters and of evaluating the ability of
sequences to resolve species (Gevers et al. 2005).3. RESOLVING SPECIES USING MULTIPLE
HOUSE-KEEPING GENES
Several papers have recently addressed whether the
sequences of multiple genes can be employed to
distinguish similar species, to inform the division of a
genus into species, or to ask whether bacterial species
exist (Godoy et al. 2003; Priest et al. 2004; Baldwin
et al. 2005; Hanage et al. 2005a,b; Thompson et al.
2005b). The house-keeping genes are used for this
purpose as they evolve relatively slowly (though more
rapidly than 16S rRNA genes) and most of the
variation that accumulates in these genes is considered
to be selectively neutral. Furthermore, house-keeping
genes encode products that are likely to be essential to
the bacteria and consequently are expected to be
present in all strains of a genus.
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Figure 1. Interspecies recombination and its effect on species assignments based on a single gene sequence. The relatedness
among isolates of three species is inferred from a tree constructed using the sequences of a single house-keeping gene. Isolates of
species A are well resolved from those of species B, and from the strain of the more distantly related species C used an outgroup.
Consider a homologous recombinational event that occurs in a strain of species B (arrow), replacing the single locus used to
assign the species with the corresponding sequence from a strain of a relatively divergent species. Now, the strain will not be
recognized as a strain of species B and will be incorrectly assigned (dotted line) as more distantly related to species B than
the outgroup.
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from the multiple house-keeping loci, use the con-
catenated sequences from a set of strains to construct a
dendrogram and observe the patterns of clustering of
genotypes. The number of genes that should be used
and the size of the fragments of each gene that should
be sequenced have not been systematically explored.
More loci presumably increase the ability to resolve
genotypic clusters, but exploring patterns of clustering
within a genus, or whether resolved clusters exist,
requires the analysis of large numbers of strains
(discussed later). As a compromise between the need
for both resolution and practicality, approximately
seven loci are probably adequate, but this may be
increased if necessary. Although this approach has not
yet been reported, it may be an advantage when setting
up a multilocus sequence analysis (MLSA) scheme to
analyse clustering patterns on an initial subset of strains
using more than seven loci, so that if the evolutionary
history of any locus appears to be sufficiently anom-
alous to disrupt the relationships inferred using all the
other loci, it can be identified (e.g. Falush et al. 2006)
and omitted from the final set of chosen loci.
The use of seven loci has become the norm for
characterizing strains within a bacterial species by
multilocus sequence typing (MLST; Maiden et al.
1998). In MLST, each different sequence is assigned a
different allele number and each strain is defined
unambiguously by seven integers, which correspond
to the allele numbers at the seven loci (the allelic
profile). The relatedness among the strains of a species
is displayed as a dendrogram using the matrix of
pairwise differences in their allelic profiles. In some
cases, strains of several closely related species have beenPhil. Trans. R. Soc. B (2006)characterized by MLST, using the same set of seven
genes, and have allowed an analysis of the relationships
between species (Godoy et al. 2003; Baldwin et al.
2005; Hanage et al. 2005a,b). Strains of different
species will almost invariably have different alleles at all
seven loci, and therefore, the concatenated sequences
of the seven loci are used to explore the relationships
among the strains of similar species. This extension of
the MLST approach has been termed MLSA (Gevers
et al. 2005).
The MLSA approach has increasingly been used to
establish the phylogenetic position of new species (e.g.
Christensen et al. 2004; Holmes et al. 2004) and the
relationships between species in closely related genera
(e.g. Wertz et al. 2003). A few studies have used the
approach to look at the relationships among the closely
related species within a single genus. Thus, MLSA has
been used to resolve the species and candidate species
in the Burkholderia cepacia species complex (Baldwin
et al. 2005) and to resolve Vibrio species (Thompson
et al. 2005b). These studies have shown resolution of
the named species, but have only used small numbers
of each species. Bacteria exist as populations and
addressing the relationships among similar species
requires the analysis of large populations, to see if
species clusters can be resolved, to circumscribe the
limits of these species clusters and to explore the extent
of separation between them. A more rigorous test is
therefore to examine whether MLSA can resolve large
numbers of strains of very similar species into non-
overlapping clusters.
Three recent examples of the use of MLSA to
resolve species clusters are discussed here. It should be
stressed that in these examples, trees are used solely to
B. pseudomallei
B. mallei
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the phylogenetic relationships between clusters or
of the strains within individual clusters. Trees have
been constructed using MRBAYES v. 3.1 (Ronquist &
Huelsenbeck 2003) with priors for the best-fitting
model of nucleotide substitution determined using
MRMODELTEST v. 2.2 (Nylander et al. 2004). In the case
of the Neisseria, a smaller dataset composed of the first
100 Neisseria meningitidis and Neisseria lactamica strains
and all 67 Neisseria gonorrhoeae strains was used to
obtain this as a result of excessive computational time
for calculations using the whole dataset.1 B. oklahomensis
B. thailandensis
Figure 2. Resolving populations of B. pseudomallei, B. mallei
and B. thailandensis. All of the isolates in the B. pseudomallei
MLST database (which includes isolates of closely related
species) were extracted and the sequences at the sevenMLST
loci were concatenated for each different multilocus genotype
(strain) and a tree was constructed usingMRBAYES v. 3.1. The
dataset included 400 different strains (STs) ofB. pseudomallei,
17 of B. thailandensis, and two each of B. mallei and
B. oklahomensis. The scale shows genetic distance, corrected
for the best-fitting substitution model determined using
MRMODELTEST and MRBAYES. All nucleotide sites were used
in the analysis. A general time reversible model was
implemented with rate matrix r(A4C) 0.012: r(A4G)
0.419: r(A4T) 0.020: r(C4G) 0.024: r(C4T) 0.509:
r(G4T) 0.016; nucleotide frequencies A 0.18: C 0.35: G
0.32: T 0.15 and gamma parameter aZ0.11. PinvarZ0.82.
All trees and model parameters are based on 10 000 samples
from the posterior probability at stationarity.4. RESOLVINGBURKHOLDERIA PSEUDOMALLEI,
BURKHOLDERIA MALLEI AND BURKHOLDERIA
THAILANDENSIS
Godoy et al. (2003) characterized strains of Burkholderia
pseudomallei, Burkholderia mallei and Burkholderia
thailandensis by MLST, and examined the resolution of
these species using the MLSA approach. The clustering
patterns can be re-examined using the current
B. pseudomallei MLST database (http://bpseudomallei.
mlst.net), which now includes 770 isolates of
B. pseudomallei, 36 of B. mallei and 24 of B. thailandensis.
A tree constructed from the concatenated sequences of
the seven MLST loci from one example of each of the
421 different multilocus genotypes (strains) in the
current database shows that all B. pseudomallei are
tightly clustered and are well resolved from a second
cluster, which includes all B. thailandensis (figure 2).
Both of these named species are soil saprophytes and
are very closely related, but can be distinguished
phenotypically by whether or not they can assimilate
arabinose, and clinically by the fact that B. pseudomallei
can cause serious disease following inoculation or
inhalation, whereas B. thailandensis is considered to
be avirulent.
Although the average sequence divergence between
B. pseudomallei and B. thailandensis is only ca 3%, the
MLSA approach supports the view that these should be
considered as separate species as they are well resolved
on the tree (posterior probability of each node is found
to be 100%), and there is no sharing of alleles between
the species. Isolates of the third species, B. mallei, the
cause of glanders (primarily a disease of equines, and
occasionally of humans), cluster within B. pseudomallei.
All 36 B. mallei in the current B. pseudomallei MLST
website, recovered from worldwide sources over a
period of 40 years, are identical by MLST (excepting
one isolate that differs at only a single nucleotide site in
one of the seven loci). This ‘species’ can therefore be
considered to be a strain (or clone) of B. pseudomallei
that has been historically given a separate species name
by medical microbiologists due to the fact that it causes
a distinctive disease (glanders), which differentiates it
from B. pseudomallei, which is the cause of melioidosis.
The MLSA analysis of Godoy et al. (2003) also
resolved the taxonomic status of a strain tentatively
assigned as B. pseudomallei (Yabuuchi et al. 1992) that
was recovered from a patient involved in a tractor
accident in Oklahoma (a non-endemic area for this
species). This strain was shown by MLSA to be clearly
distinct from both B. pseudomallei and B. thailandensisPhil. Trans. R. Soc. B (2006)(figure 2), and subsequently, a second similar strain has
been identified in the United States and these have
formally been assigned to a new species, Burkholderia
oklahomensis (Glass et al. 2006).5. SPECIES WITHIN SPECIES
Burkholderia mallei is an interesting example of ‘species
within a species’, which highlights some of the problems
in bacterial species assignment. By MLSA, it is
unambiguously a clone of B. pseudomallei; alleles at six
of the seven loci of B. mallei are also present in
B. pseudomallei and the seventh differs from a
B. pseudomallei allele at only a single nucleotide site
(Godoy et al. 2003). However, it has a genome that is at
least onemegabase smaller, a different ecology, no longer
surviving in soil and depending upon transmission
1N. meningitidis
N. gonorrhoeae
N. lactamica
Figure 3. Resolving populations of N. meningitidis,
N. meningitidis and N. gonorrhoeae. Bayesian tree constructed
using the concatenated sequences (seven loci) of the first 500
different strains (STs) of N. meningitidis in the public Neisseria
MLST database, all different strains of N. lactamica (171) and
N. gonorrhoeae (67). The arrow shows the two strains of
N. lactamica that cluster anomalously and have probably been
incorrectly identified (see text). Only third codon positions
were used in the analysis. The scale shows genetic distance,
corrected for the best-fitting substitution model determined
usingMRMODELTESTandMRBAYES. Details as in figure 2 with
rate matrix r(A4C) 0.044: r(A4G) 0.541: r(A4T) 0.018:
r(C4G) 0.044: r(C4T) 0.299: r(G4T) 0.053; nucleotide
frequencies A 0.11: C 0.44: G 0.24: T 0.21 and gamma
parameter aZ0.481. PinvarZ0.30.
S. oralis
S. mitis
S. pneumoniae
S. pseudopneumoniae
NT 26
0.5
Figure 4. Resolving populations of S. pneumoniae,
S. pseudopneumoniae, S. mitis and S. oralis. Bayesian tree
constructed using the concatenated sequences of six of the
MLST loci of the authentic pneumococci and atypical
pneumococci (now called S. pseudopneumoniae; Arbique et al.
2004) studied byHanage et al. (2005b), and strains assigned as
S. mitis and S. oralis. NT26 is a non-serotypable presumptive
pneumococcus that arises from the branch leading to the
S. pneumoniae cluster. The scale shows genetic distance,
corrected for the best-fitting substitution model determined
using MRMODELTEST and MRBAYES. All nucleotide sites were
used in the analysis. Details as in figure 2 with rate matrix
r(A4C) 0.016: r(A4G) 0.027: r(A4T) 0.010: r(C4G)
0.001: r(C4T) 0.939: r(G4T) 0.007; nucleotide frequen-
ciesA0.31:C0.18:G0.24:T0.27 andgammaparameterwith
a covarion model allowing rates to change across the tree
s(off/on)Z0.33 and s (on/off )Z1.33.
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different evolutionary trajectory (in fact, B. mallei is
probably on a trajectory to extinction as glanders is now
extremely rare and restricted to a few endemic foci in
Asia, Africa and theMiddle East). TheMLSA approach
has identifiedother examples,where historically, bacteria
associated with a distinctive human or animal disease
have been given species names, but in reality are a clone
(or a cluster of closely related clones) with distinctive
biology and ecology within a ‘mother species’ (e.g.
Bacillus anthracis and Salmonella typhi; Kidgell et al.
2002; Priest et al. 2004). These anomalies are probably
the inevitable consequence of the recent emergence of
distinctive lineages that are destined to emerge as new
species from within an existing species.6. RESOLVING SIMILAR RECOMBINING SPECIES
THAT SHARE THE SAME NICHE
A particularly challenging test of the existence of
species is to examine patterns of clustering among
large populations of similar bacteria in which recombi-
nation is known to be frequent, and to occur between
the species, and where the bacteria colonize the same
body site and thus have opportunities to exchange
genes. Two recent studies have applied MLSA to ask
whether distinct genotypic clusters can be resolved
among co-colonizing recombinogenic populations.Phil. Trans. R. Soc. B (2006)The human Neisseria species provides the first
example (Hanage et al. 2005a). The taxonomy of the
genus Neisseria has been the subject of considerable
revision over the years and includes two pathogens—
N. meningitidis and N. gonorrhoeae—and a number of
human commensal Neisseria and several animal
species. Neisseria meningitidis is commonly carried
asymptomatically in the human nasopharynx, but can
occasionally gain access to the blood and cerebrospinal
fluid to result in septicaemia and meningitis. Neisseria
gonorrhoeae, which causes gonorrhoea, is closely related
to N. meningitidis, and is primarily recovered from the
human genital tract, although it may also be recovered
from the rectum and naso- or oropharynx. House-
keeping genes of N. gonorrhoeae are much more
uniform in sequence than those of N. meningitidis and
it has been suggested that the former pathogen arose
relatively recently as a strain of a human nasophar-
yngeal Neisseria species that acquired the ability to
colonize the genital tract and to be transmitted by the
sexual route (Va´zquez et al. 1993).
1922 W. P.Hanage and others Sequence clusters and bacterial speciesThe other human Neisseria species (e.g. N. lactamica)
are all colonizers of the nasopharynx and are considered
to be non-pathogenic commensals, although some have
occasionally been associated with disease. These named
commensal species therefore may coexist along with
N. meningitidis within an individual human nasophar-
ynx, providing opportunities for recombination within
and between the closely related species. The public
Neisseria MLST database (http://pubmlst.org/neisseria)
contains the sequences of seven house-keeping genes
frommany thousand strains of N. meningitidis and much
smaller numbers of N. lactamica and N. gonorrhoeae
strains. We extracted from the public Neisseria MLST
database the sequences of the seven MLST loci of
500 different strains of N. meningitidis, 171 strains of
N. lactamica and67strains ofN. gonorrhoeae, andused the
concatenated sequences of the seven loci to explore the
patterns of clustering and to examine the relationships
between the observed clusters and the species names
assigned by standard microbiological procedures
(Hanage et al. 2005a).
Analysis of the sequences of N. meningitidis house-
keeping genes has shown extensive evidence for
recombinational imports from related commensal
species (Feil et al. 1995; Zhou et al. 1997), and the
trees of different Neisseria house-keeping genes (and
16S rRNA genes) suggest different phylogenetic
relationships between these species (Smith et al.
1999). As expected, the individual trees derived from
the sequences of each MLST locus fail to resolve
N. meningitidis strains from N. lactamica strains
(Hanage et al. 2005a). However, the concatenated
sequences of the seven MLST loci completely resolve
the N. lactamica strains from those of N. meningitidis
(the group of strains shown as N. lactamica were
clustered together in 100% of trees drawn from the
posterior probability), although a few strains arise from
the branch separating these two species (figure 3), and
two strains located at the end of a long branch arising
from the meningococcal cluster are clear examples of
mistaken identity (arrow in figure 3).When examples of
otherNeisseria species are included, these two ‘lactamica’
strains cluster with these (Hanage et al. 2005a) and
they have probably been misidentified as N. lactamica
by the submitting microbiological laboratory. Strains of
the ecologically isolated species, N. gonorrhoeae, form
a tight genotypic cluster on a long branch (100%
support) and are closely allied to N. meningitidis.
Recombining species that colonize the same body
site can therefore be resolved using MLSA, but
recombination between similar species can lead to
strains ‘creeping’ along the branch that separates the
species clusters. If we knew nothing about these strains,
it would not be clear where we should put the dividing
line between the N. meningitidis and N. lactamica
clusters. Recombining species can therefore appear
fuzzy and it may be difficult using MLSA to
unambiguously assign a few strains to one species
rather than the other. Furthermore, it would not be
clear that the N. gonorrhoeae cluster should be
considered to be distinct from N. meningitidis. These
results stress the need for MLSA to be used as the basis
for pragmatic decisions by expert groups about where
to draw distinctions between species, and the need toPhil. Trans. R. Soc. B (2006)map onto the observed patterns of clustering whatever
additional information is available. In this way, the
special nature of the strains within the N. gonorrhoeae
cluster would be very apparent from their different
ecological niche and disease association.
The second challenging example is provided by
Streptococcus pneumoniae (the pneumococcus) and its
closest known relatives (Hanage et al. 2005b). Pneu-
mococci asymptomatically colonize the human naso-
pharynx, but occasionally can cause pneumonia,
septicaemia or meningitis, and more commonly,
acute otitis media and sinusitus. Pneumococci recov-
ered from disease are usually encapsulated (serotyp-
able) and can be identified by their reactivity with
typing sera directed against the capsular polysacchar-
ide. These serotypable isolates are usually susceptible
to optochin and bile soluble, and isolates with these
characteristics are considered unambiguously to be
S. pneumoniae. Within the nasopharynx, there are a
number of organisms that appear to be very similar to
pneumococci, but which are non-serotypable, and
often may be optochin resistant and/or bile insoluble
(Arbique et al. 2004). The relationship of these isolates
(usually called atypical pneumococci) to authentic
pneumococci has been unclear (Whatmore et al. 2000).
A tree constructed from the concatenated sequences
(six loci) from 39 different serotypable strains of
S. pneumoniae, representing the diversity among more
than 2000 different strains in the pneumococcal MLST
database (http://spneumoniae.mlst.net), and 121 aty-
pical pneumococci showed a clear resolution into two
clusters (Hanage et al. 2005b). One cluster includes all
the serotypable pneumococci and a subset of the
atypical pneumococci, and another cluster includes
the remaining atypical pneumococci. The former class
of atypical pneumococci are almost certainly pneumo-
cocci that for various reasons are not expressing a
capsular polysaccharide, whereas the latter group
appear to be a very closely related but distinct
population (Hanage et al. 2005b). As in the Neisseria
example, there was a good separation of the clusters
(100% posterior probability), but some ‘fuzziness’ as
one non-serotypable strain arose from the branch
separating the two clusters (figure 3). Recently,
Arbique et al. (2004) have also concluded (using
DNA–DNA hybridization) that a subset of atypical
pneumococci should be assigned to a different species,
Streptococcus pseudopneumoniae. MLSA of the two
reference strains of this new species obtained from
these authors shows that S. pseudopneumoniae corre-
sponds to the cluster in figure 4 that is similar to, but
distinct from, authentic pneumococci.
Alongside S. pneumoniae and S. pseudopneumoniae,
within the mitis group of streptococci, are the
closely related named species, Streptococcus mitis and
Streptococcus oralis. Isolates identified by API RapidID
32 strep as either S. mitis or S. oralis, when subjected to
MLSA, fell into two clusters that were distinct from
each other and from the other two species (figure 4).
Each of these two clusters included strains identified as
both species, presumably due to limitations in the API
tests to identify them correctly. The names shown in
figure 4 reflect the predominant species identification
of the strains within the clusters, enabling us to define
Sequence clusters and bacterial species W. P.Hanage and others 1923one as associated mainly with S. mitis strains and
another as containing the majority of those identified as
S. oralis. With the exception of one strain, all the
‘S. oralis’ strains were grouped together in 100% of
trees drawn from the posterior probability at stationar-
ity. Likewise, the ‘S. mitis’ group is found with 100%
posterior probability, and is closely allied to the
S. pneumoniae and S. pseudopneumoniae clusters. The
topology of the four mitis group clusters differed, with
substantially more diversity within the S. mitis and
S. oralis clusters (average sequence diversity of 5.1
and 6.2%, respectively) than those of S. pneumoniae
and S. pseudopneumoniae (average diversity of 1.1 and
3.0%). Furthermore, the average sequence divergence
between the S. mitis and S. pneumoniae clusters was
5.8%, only slightly greater than that within the S. mitis
cluster. It should be noted that this is not necessarily
evident in the tree shown in figure 4 as a result of the
best-fitting model of nucleotide substitution
implemented across the tree. However, the diversity
within the S. mitis and S. oralis clusters is further shown
by the fact that each isolate examined had a different
multilocus genotype. As in the Neisseria example,
the individual gene trees completely fail to resolve the
streptococcal species clusters identified using the
concatenated sequences (figure 5).7. CLUSTERS: LINEAGES OR SPECIES?
In the two examples discussed in the previous section,
MLSA resolves clusters that have a clear relationship to
named species, even though recombination between
the strains in different clusters is very apparent from the
inspection of the trees obtained from the sequences of
individual loci. Even in recombining populations that
co-colonize the nasopharynx, clusters can be resolved
using MLSA, which suggests that evolutionary forces
have led to distinct non-overlapping genotypic clusters
that the microbiologists have recognized as species. It
remains to be seen whether greatly expanding the
number of strains used in these analyses will maintain
the resolution between the existing clusters and also
whether including many examples of the less well-
studied members of each genus will resolve clusters
that support current species designations or will
suggest new ones. Expanding the datasets can also
change our current views of the clusters. For example,
the identification of a group of strains that are much
more similar to one of the S. oralis strains than to any of
the others would produce a cluster of strains that are
similar to each other and are clearly resolved from the
other S. oralis strains. The phenotypic, biochemical and
ecological properties of any such cluster can then be
examined to see if a new species name is justified.
A major problem with the sequence-based approach
to the definition of species is deciding whether resolved
clusters should be considered to be different lineages
within a species or deserve to be assigned species status.
In the aforementioned examples, involving very well-
studied groups of bacteria, clusters were correlated
with the previous species designations; to be a useful
taxonomic approach, MLSA needs to be capable of
informing the division of large populations of poorly
studied bacteria into species. Sequence clusters exist atPhil. Trans. R. Soc. B (2006)all taxonomic levels, from the clusters of very similar
genotypes that result from the diversification of a clone
into a clonal complex (Feil et al. 2004) to deeper
clusters that may be assigned as lineages within a
species or as separate species.
With the MLSA approach, it may be difficult to
decide the taxonomic level of a cluster and to distinguish
those clusters that appear to be irreversibly set on
different evolutionary trajectories, and which will
continue to diverge from each other, from those that
are best considered as different lineages of a single
species. General criteria for recognizing the nature of
clusters (e.g. the sharing or non-sharing of alleles, or the
presence of fixed polymorphisms in different clusters)
are probably not achievable for bacteria in which
recombination may be very frequent or very rare. In
the former case, allele sharing may still occur in clearly
distinct species due to interspecies recombination,
whereas if recombination is absent, allele sharing
between distinct species or divergent lineages within a
species is unlikely, raising questions of whether each
clonal lineage should be considered genotypically to
form its own species. These difficulties are not inherent
weaknesses of the MLSA approach, but rather inherent
problems in finding universal principles of species
definition in the bacteria. The advantage of the MLSA
approach is that it is pragmatic, rather than based on
strict rules, and allows clusters to be identified and used
as the basis for informed judgements on nomenclature,
taking account of whatever additional data are available.8. SPECIES ASSIGNMENT ON THE INTERNET:
ELECTRONIC TAXONOMY
The MLSA approach appears to be a fruitful way
forward, but to define the limits of clusters it requires
the analysis of large populations of strains that cover the
diversity within the genus (or part of the genus) of
interest. The approach is ideal for collaborative groups
with common interests, which can deposit their
sequence data in a single database, along with strain
characteristics, and can use their experience and
knowledge of the genus to interpret the observed
patterns of clustering of multilocus genotypes and to
derive a consensus view of which clusters deserve
species names. This process would take account of
whatever additional phenotypic, biochemical, genomic,
biogeographical or ecological information is available.
Once the initial database has been established, and the
clustering patterns have been used to guide the assign-
ment of species, the concatenated sequence from any
new strain can easily be compared via the Internet with a
reference set that covers the diversity within each
species cluster, to identify the cluster into which the
strain falls and to assign its species or sub-species name.
This facility is already available online at some of the
MLST databases at www.mlst.net, for example to
distinguish S. pneumoniae from S. pseudopneumoniae
and B. pseudomallei from B. thailandensis.
New methods need to be accepted and used by
taxonomists. The suggestion that MLSA may require
the initial analysis of a thousand strains in order to
uncover the patterns of clustering within a single genus,
or even a part of a genus, and to assign species names,
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Sequence clusters and bacterial species W. P.Hanage and others 1925may appear daunting. The experience gained in the
development of MLST for the characterization of
isolates of bacterial pathogens provides encourage-
ment, as three of the MLST databases now contain
over 3000 isolates and several others contain well over a
thousand. These databases have been built-up as
collaborative ventures by academic microbiology,
clinical microbiology and public health laboratories,
many of which had no prior experience of sequence-
based approaches, which share an interest in these
important pathogens and which submit their data to
the databases. The databases are large because MLST
has proved its worth and has provided a gold standard
for the precise and unambiguous characterization of
strains of these pathogens. If the MLSA approach is
similarly shown to be valuable, providing a much
improved way of defining species within a genus, and of
assigning new strains to species electronically via the
Internet, there is little doubt that large curated
databases can be developed for genera where there is
sufficient interest. The great strength of the approach is
that sequence-based taxonomy allows collaboration
among laboratories with common interests and a
pragmatic and consensual approach to defining species.9. CONCLUDING REMARKS
Sequence clusters are not of course necessarily species,
but whatever other characteristic strains assigned to the
same species should share, they should possess house-
keeping genes that have similar sequences, and which
are on an average more closely related to those from the
same species than they are to those of other species
(Ward 1998). We argue that clustering patterns should
be the basis for defining species, by looking for natural
discontinuities in the distribution of related genotypes,
which may then be further elaborated upon, through
classical phenotypic approaches. There may be situ-
ations in which large groups of related bacteria fail to
form discrete genotypic clusters, and in such cases it is
very unlikely that other taxonomic methods will give
consistent species groups. If such situations occur it
would seem likely that they would be within groups of
bacteria, where there are continuing disagreements
about their taxonomy.
The MLSA approach needs to be tested using large
sets of strains that are considered to fall into a number of
closely related species, so that the clustering patterns
can be related to other information about the strains.
This approach should be applied to sets of strains of
related species that have high and low rates of
recombination as different patterns of clustering are
expected (Palys et al. 1997). The patterns of clustering
need to be related to species designations obtained by
the current polyphasic approach (Vandamme et al.
1996), and where they differ, the validity of the species
divisions proposed by both the methods needs to be
assessed, without assuming that new methods are only
valid if they resolve the species divisions establishedwith
older methods.
The division of genera into species, and the
development of simple phenotypic tests to recognize
each species, hasworkedwell inmany cases; but in other
cases, there have been constant taxonomic revisions andPhil. Trans. R. Soc. B (2006)heated debate, which may reflect an underlying lack of
clear species boundaries or methodological inadequa-
cies. Single genes or single phenotypic tests are
inadequate for reliable species identification in genera
where recombination between species is relatively
frequent and adds weight to the need for polyphasic
approaches in taxonomy (Vandamme et al. 1996). The
analysis of clustering patterns in well-studied genera
should lead to guidelines in howbest to apply theMLSA
approach to define species within groups of similar
bacteria that have not been well studied. In such cases,
the identification of resolved clusters provides a basis for
a search for biological correlates of the clusters, in terms
of phenotypic, biochemical or ecological differences, or
biogeography (Gevers et al. 2005).
A distinguishing phenotypic difference is required for
the acceptance of a new species. If such differences are
not found, groups of similar bacteria that appear to be
genetically distinct have to be described by other terms
(e.g. genomospecies). The requirement for a dis-
tinguishing phenotypic difference hinders the assign-
ment of new species and needs to be reconsidered, as
promiscuous recombination between closely related
bacteria may prevent the identification of a single
defining phenotypic difference, and the requirement
for a phenotypic difference can be challenged if isolates
can in future be identified online by using multiple
house-keeping sequences to assign them to accepted
species clusters by interrogation of a MLSA database.
One serious drawback, shared with other taxonomic
approaches, is that MLSA cannot at present be applied
to unculturable organisms, which are generally
considered to be more numerous than those that can
be cultivated (Rappe & Giovannoni 2003). However,
defining the properties of culturable populations, and
how they relate to differences in their 16S rRNA
sequences, is only one way in which MLSA could help
place this field on a more secure foundation.
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(W.P.H. and B.G.S.) and the Royal Society (C.F.).REFERENCES
Arbique, J. C. et al. 2004 Accuracy of phenotypic and
genotypic testing for identification of Streptococcus pneu-
moniae and description of Streptococcus pseudopneumoniae
sp. nov. J. Clin. Microbiol. 42, 4686–4696. (doi:10.1128/
JCM.42.10.4686-4696.2004)
Baldwin, A. et al. 2005 Multilocus sequence typing scheme
that provides both species and strain differentiation for the
Burkholderia cepacia complex. J. Clin. Microbiol. 43,
4665–4673. (doi:10.1128/JCM.43.9.4665-4673.2005)
Boucher, Y., Douady, C. J., Sharma, A. K., Kamekura, M. &
Doolittle, W. F. 2004 Intragenomic heterogeneity and
intergenomic recombination among haloarchaeal rRNA
genes. J. Bacteriol. 186, 3980–3990. (doi:10.1128/JB.186.
12.3980-3990.2004)
Christensen, H., Kuhnert, P., Olsen, J. E. & Bisgaard, M.
2004 Comparative phylogenies of the housekeeping genes
atpD, infB and rpoB and the 16S rRNA gene within the
Pasteurellaceae. Int. J. Syst. Evol. Microbiol. 54,
1601–1609. (doi:10.1099/ijs.0.03018-0)
1926 W. P.Hanage and others Sequence clusters and bacterial speciesCohan, F. M. 2002 What are bacterial species? Annu. Rev.
Microbiol. 56, 457–487. (doi:10.1146/annurev.micro.56.
012302.160634)
Cohan, F. M. 2006 Toward a conceptual and operational
union of bacterial systematics, ecology and evolution. Phil.
Trans. R. Soc. B 361, 1985–1996. (doi:10.1098/rstb.2006.
1918)
Cole, J. et al. 2003 The ribosomal database project (RDP-II):
previewing a new autoaligner that allows regular updates
and the new prokaryotic taxonomy. Nucleic Acids Res. 31,
442–443. (doi:10.1093/nar/gkg039)
DeLong, E. F. & Pace, N. R. 2001 Environmental diversity of
bacteria and archaea. Syst. Biol. 50, 470–478. (doi:10.
1080/106351501750435040)
Dowson,C.G.,Hutchison,A., Brannigan, J. A.,George,R.C.,
Hansman, D., Lin˜ares, J., Tomasz, A., Maynard Smith, J. &
Spratt, B. G. 1989 Horizontal transfer of penicillin-binding
protein genes in penicillin-resistant clinical isolates of
Streptococcus pneumoniae. Proc. Natl Acad. Sci. USA 86,
8842–8846. (doi:10.1073/pnas.86.22.8842)
Falush, D., Torpdahl, M., Didelot, X., Conrad, D. F.,
Wilson, D. J. & Achtman, M. 2006 Mismatch induced
speciation in Salmonella: model and data. Phil. Trans. R.
Soc. B 361, 2045–2053. (doi:10.1098/rstb.2006.1925)
Feil, E. J. & Spratt, B. G. 2001 Recombination and
the population biology of bacterial pathogens. Annu.
Rev. Microbiol. 55, 561–590. (doi:10.1146/annurev.
micro.55.1.561)
Feil, E., Carpenter, G. & Spratt, B. G. 1995 Electrophoretic
variation in adenylate kinase of Neisseria meningitidis is due
to inter- and intra-species recombination. Proc. Natl Acad.
Sci. USA 92, 10 535–10 539. (doi:10.1073/pnas.92.23.
10535)
Feil, E. J., Li, B., Aanensen, D. M., Hanage, W. P. & Spratt,
B. G. 2004 eBURST: inferring patterns of evolutionary
descent among clusters of related bacterial genotypes from
multilocus sequence typing data. J. Bacteriol. 186,
1518–1530. (doi:10.1128/JB.186.5.1518-1530.2004)
Fox, G. E., Wisotzkey, J. D. & Jurtshuk, P. 1992 How close is
close: 16S rRNA sequence identity may not be sufficient to
guarantee species identity. Int. J. Syst. Bacteriol. 42,
166–170.
Garrity, G. M., Winters, M., Kuo, A. W. & Searles, D. 2002
Taxonomic outline of the prokaryotes. Bergey’s manual of
systematic bacteriology, pp. 49–66, 2nd edn. New York, NY:
Springer.
Gevers, D. et al. 2005 Re-evaluating bacterial species. Nat.
Microbiol. Rev. 3, 733–739. (doi:10.1038/nrmicro1236)
Glass,M. B., Steigerwalt, A. G., Jordan, J. G.,Wilkins, P. P. &
Gee, J. E. 2006. Burkholderia oklahomensis sp. nov., a
Burkholderia pseudomallei-like species formerly known as
the Oklahoma strain of Pseudomonas pseudomallei. Int. J.
Syst. Evol. Microbiol. 56, 2171–2176.
Godoy, D., Randle, G., Simpson, A. J., Aanensen, D. M.,
Pitt, T. L., Kinoshita, R. & Spratt, B. G. 2003 Multilocus
sequence typing and evolutionary relationships among the
causative agents of melioidosis and glanders, Burkholderia
pseudomallei and B. mallei. J. Clin. Microbiol. 41,
2068–2079. (doi:10.1128/JCM.41.5.2068-2079.2003)
Hanage,W. P., Fraser, C. & Spratt, B. G. 2005a Fuzzy species
in recombinogenic bacteria. BMC Biol. 3, 6. (doi:10.1186/
1741-7007-3-6)
Hanage, W. P., Kaijalainen, T., Herva, E., Saukkoriipi, A.,
Syrja¨nen, R. & Spratt, B. G. 2005b Using multilocus
sequence data to define the pneumococcus. J. Bacteriol.
187, 6223–6230. (doi:10.1128/JB.187.17.6223-6230.2005)
Holmes, D. E., Nevin, K. P. & Lovley, D. R. 2004Comparison
of 16S rRNA, nifD, recA, gyrB, rpoB and fusA genes within
the family Geobacteraceae fam. nov. Int. J. Syst. Evol.
Microbiol. 54, 1591–1599. (doi:10.1099/ijs.0.02958-0)Phil. Trans. R. Soc. B (2006)Hugenholtz, P., Goebel, B. M. & Pace, N. R. 1998 Impact of
culture-independent studies on the emerging phylogenetic
view of bacterial diversity. J. Bacteriol. 180, 4765–4774.
Kalia, A., Enright, M. C., Spratt, B. G. & Bessen, D. E. 2001
Directional gene movement from human pathogenic to
commensal-like streptococci. Infect. Immun.69, 4858–4869.
(doi:10.1128/IAI.69.8.4858-4869.2001)
Kidgell, C., Reichard, U., Wain, J., Linz, B., Torpdahl, M.,
Dougan, G. & Achtman, M. 2002 Salmonella typhi, the
causative agent of typhoid fever, is approximately 50,000
years old. Infect. Genet. Evol. 2, 39–45. (doi:10.1016/
S1567-1348(02)00089-8)
Konstantinidis, K. T. & Tiedje, J. M. 2005 Genomic insights
that advance the species definition for prokaryotes. Proc.
Natl Acad. Sci. USA 102, 2567–2572. (doi:10.1073/pnas.
0409727102)
Maiden, M. C. J. et al. 1998 Multilocus sequence typing: a
portable approach to the identification of clones within
populations of pathogenicmicroorganisms.Proc. Natl Acad.
Sci. USA 95, 3140–3145. (doi:10.1073/pnas.95.6.3140)
Majewski, J. & Cohan, F. M. 1999 DNA sequence similarity
requirements for interspecific recombination in Bacillus.
Genetics 153, 1525–1533.
Majewski, J., Zawadzki, P., Pickerill, P., Cohan, F. M. &
Dowson, C. G. 2000 Barriers to genetic exchange between
bacterial species: Streptococcus pneumoniae transformation.
J. Bacteriol. 182, 1016–1023. (doi:10.1128/JB.182.4.
1016-1023.2000)
Nylander, J. A., Ronquist, F., Huelsenbeck, J. P. & Nieves-
Aldrey, J. L. 2004 Bayesian phylogenetic analysis of
combined data. Syst. Biol. 53, 47–67. (doi:10.1080/
10635150490264699)
Palys, T., Nakamura, L. K. & Cohan, F. M. 1997 Discovery
and classification of ecological diversity in the bacterial
world: the role of DNA sequence data. Int. J. Syst.
Bacteriol. 47, 1145–1156.
Papke, R. T., Koenig, J. E., Rodriguez-Valera, F. & Doolittle,
W. F. 2004 Frequent recombination in a saltern popu-
lation of Halorubrum. Science 306, 1928–1929. (doi:10.
1126/science.1103289)
Priest, F. G., Barker, M., Baillie, L. W., Holmes, E. C. &
Maiden, M. C. J. 2004 Population structure and evolution
of the Bacillus cereus group. J. Bacteriol. 186, 7959–7970.
(doi:10.1128/JB.186.23.7959-7970.2004)
Rappe, M. S. & Giovannoni, S. J. 2003 The uncultured
microbial majority. Annu. Rev. Microbiol. 57, 369–394.
(doi:10.1146/annurev.micro.57.030502.090759)
Ronquist, F. & Huelsenbeck, J. P. 2003 MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics.
19, 1572–1574. (doi:10.1093/bioinformatics/btg180)
Rossello-Mora, R. & Amann, R. 2001 The species concept
for prokaryotes. FEMS Microbiol. Rev. 25, 39–67. (doi:10.
1111/j.1574-6976.2001.tb00571.x)
Schloss, P. D. & Handelsman, J. 2004 Status of the microbial
census. Microbiol. Mol. Biol Rev. 68, 686–691. (doi:10.
1128/MMBR.68.4.686-691.2004)
Smith, N. H., Holmes, E. C., Donovan, G. M., Carpenter,
G. A. & Spratt, B. G. 1999 Networks and groups within
the genus Neisseria: analysis of argF, recA, rho and 16S
rRNA sequences from human Neisseria species. Mol. Biol.
Evol. 16, 773–783.
Spratt, B. G., Zhang, Q.-Y., Hutchison, A., Jones, D. M.,
Brannigan, J. A. & Dowson, C. G. 1989 Recruitment of a
penicillin-binding protein gene from Neisseria flavescens
during the emergence of penicillin resistance in Neisseria
meningitidis. Proc. Natl Acad. Sci. USA 86, 8988–8992.
(doi:10.1073/pnas.86.22.8988)
Stackebrandt, E. et al. 2002 Report of the ad hoc committee for
the re-evaluation of the species definition in bacteriology.
Sequence clusters and bacterial species W. P.Hanage and others 1927Int. J. Syst. Evol. Microbiol. 52, 1043–1047. (doi:10.1099/ijs.
0.02360-0)
Staley, J. T. 1997 Biodiversity: are microbial species
threatened? Curr. Opin. Biotechnol. 8, 340–345. (doi:10.
1016/S0958-1669(97)80014-6)
Staley, J. T. 2006 The bacterial species dilemma and the
genomic–phylogenetic species concept. Phil. Trans R. Soc.
B 361, 1899–1909. (Phil. Trans R. Soc. B)
Thompson, J. R., Pachocha, S., Pharino, C., Klepac-Ceraj,
V., Hunt, D. E., Benoit, J., Sarma-Rupavtarm, R., Distel,
D. L. & Polz, M. F. 2005a Genotypic diversity within a
natural coastal bacterioplankton population. Science 307,
1311–1313. (doi:10.1126/science.1106028)
Thompson, F. L., Gevers, D., Thompson, C. C., Dawyndt, P.,
Naser, S., Hoste, B., Munn, C. B. & Swings, J. 2005b
Phylogeny and molecular identification of vibrios on the
basis of multilocus sequence analysis. Appl. Environ.
Microbiol. 71, 5107–5115. (doi:10.1128/AEM.71.9.5107-
5115.2005)
Vandamme, P., Pot, B., Gillis, M., De Vos, P. & Swings, J.
1996 Polyphasic taxonomy, a consensus approach to
bacterial systematics. Microbiol. Rev. 60, 407–438.
Va´zquez, J. A., de la Fuente, L., Berro´n, S., O’Rourke, M.,
Smith, N. H., Zhou, J. & Spratt, B. G. 1993 Ecological
separation and genetic isolation of Neisseria gonorrhoeae
and Neisseria meningitidis. Curr. Biol. 3, 567–572. (doi:10.
1016/0960-9822(93)90001-5)
Ward, D. M. 1998 A natural species concept for prokaryotes.
Curr. Opin. Microbiol. 1, 271–277. (doi:10.1016/S1369-
5274(98)80029-5)
Wayne, L. G. et al. 1987 Report of the ad-hoc-committee on
reconciliation of approaches to bacterial systematics. Int.
J. Syst. Bacteriol. 37, 463–464.Phil. Trans. R. Soc. B (2006)Welch, R. A. et al. 2002 Extensive mosaic structure revealed
by the complete genome sequence of uropathogenic
Escherichia coli. Proc. Natl Acad. Sci. USA 99,
17020–17024. (doi:10.1073/pnas.252529799)
Wertz, J. E., Goldstone, C., Gordon, D. M. & Riley, M. A.
2003 A molecular phylogeny of enteric bacteria and
implications for a bacterial species concept. J. Evol. Biol.
16, 1236–1248. (doi:10.1046/j.1420-9101.2003.00612.x)
Whatmore, A. M., Efstratiou, A., Pickerill, A. P., Broughton,
K., Woodard, G., Sturgeon, D., George, R. & Dowson,
C. G. 2000 Genetic relationships between clinical isolates
of Streptococcus pneumoniae, Streptococcus oralis, and
Streptococcus mitis: characterization of “Atypical” pneu-
mococci and organisms allied to S. mitis harboring
S. pneumoniae virulence factor-encoding genes. Infect.
Immun. 68, 1374–1382. (doi:10.1128/IAI.68.3.1374-
1382.2000)
Whitaker, R. J., Grogan, D. W. & Taylor, J. W. 2005
Recombination shapes the natural population structure
of the hyperthermophilic archaeon Sulfolobus islandicus.
Mol. Biol. Evol. 22, 2354–2361. (doi:10.1093/molbev/
msi233)
Yabuuchi, E., Kosako, Y., Arakawa, M., Hotta, H. & Yano, I.
1992 Identification of Oklahoma isolate as a strain
of Pseudomonas pseudomallei. Microbiol. Immunol. 36,
1239–1249.
Zhou, J., Bowler, L. D. & Spratt, B. G. 1997 Interspecies
recombination, and phylogenetic distortions, within the
glutamine synthetase and shikimate dehydrogenase genes
of Neisseria meningitidis and commensal Neisseria species.
Mol. Microbiol. 23, 799–812. (doi:10.1046/j.1365-2958.
1997.2681633.x)
